Abstract Plumes of negatively buoyant hydrate particles, formed by reacting liquid CO 2 with seawater at ocean depths of 1000-1500 m, have been suggested as a way to help sequester CO 2 . The vertical flux of CO 2 can be increased by constructing a shroud around the hydrate particle source to shelter the plume from effects of ambient stratification and current. The shroud also serves as an inverted chimney, inducing a down draft that will transport the dissolving particles to a depth of lower ambient disturbance. Laboratory PIV measurements are compared to an analysis of an idealized shroud that is long, frictionless and driven by a single phase source of buoyancy distributed uniformly over the shroud base. Results indicate that induced draft, and hence dilution of dissolved CO 2 , increases with plume buoyancy, and shroud length and diameter, but efficiency decreases with increasing ratio of particle slip velocity divided by the characteristic induced draft velocity. While larger particles show reduced plume-like behavior and hence are less efficient in inducing draft, they still generated about half of the theoretically predicted flow.
changes, and two-thirds of the change is attributed to CO 2 [1] . CO 2 hydrates consist of molecules of CO 2 inside a cage-like structure of hydrogen bonded water molecules [2] . They are of interest as a possible vehicle for deeper ocean carbon sequestration, because they are denser than seawater, and will sink unaided while dissolving to promote dispersion in the ocean.
Pure hydrate particles are difficult to produce, but the Oak Ridge National Laboratory (ORNL) has designed a continuous CO 2 -seawater co-flowing injector to create cylindrical composite particles comprised of CO 2 hydrate (negatively buoyant), liquid CO 2 (slightly positively buoyant at 1000-1500 m depths) and seawater [3] . Field tests were conducted on three occasions using different injectors in collaboration with the Monterey Bay Aquarium Research Institute (MBARI) [4] [5] [6] [7] . The latest survey, with a hydrate reactor located at an ocean depth of ∼1500 m, produced curved negatively buoyant cylindrical particles with diameters ∼2.2 cm and lengths up to ∼1 m.
Applying a drag coefficient model [8, and Chow and Adams, submitted to J Hydraul Eng, 2010] to observed initial settling velocities and dissolution rates during the most recent survey, we concluded that the hydrate conversion efficiency (percentage of liquid CO 2 converted to hydrate) in the field was ∼ 15-20% resulting in particles with specific gravity 1-2% greater than seawater, which led them to sink to a depth below discharge of roughly 100 m. Greater sinking could obviously be achieved using larger particles. Discharging particles with a range of sizes and densities (reflecting different conversion rates) would cause differential settling resulting in spreading in the down-current and vertical directions. Furthermore, towing the source from a moving ship would contribute additional dispersion. Such strategies, and associated environmental impacts, are discussed in [9] .
An alternative approach to enhancing mixing and vertical descent is to release a continuous stream of particles, forming a dense plume which would sink both due to the density of the particles as well as the increased density of seawater containing dissolved CO 2 .
An integral double plume model [10] [11] [12] was used to simulate the behavior of continuous streams of composite particles released to a quiescent ocean, with typical ambient stratification, at CO 2 loadings of 0.01-1000 kg/s. Results showed that, for a CO 2 release of 100 kg/s (roughly the emission from a 500 MW coal-fired power plant), a plume composed of 2.2 cm diameter composite particles with 16% reaction efficiency would sink about 1000 m, approximately 10 times the individual particle sinking depth. A plume composed of similar particles, but with a diameter of 5 cm, would sink about 2000 m (∼5 times the individual particle depth), while plumes composed of larger particles, or particles exhibiting higher reaction efficiency, would reach the seafloor (as would the individual particles).
However, two ambient effects reduce the performance of a plume: stratification and ocean currents. Plume sinking is hampered by strong ambient stratification which causes trapping of entrained seawater at intermediate depths below release. Density stratification weakens at depths below 1500 m [13] , so from the perspective of reduction of plume trapping, the deeper regions of the ocean are potentially favorable for depositing CO 2 .
More importantly, ambient ocean currents are known to cause a different type of phase separation, whereby the continuous fluid in the plume is swept downstream of the particles which sink more directly. Typical ocean currents range from 0 to 40 cm/s and are more variable with depth and global position than ambient densities [13] . A CO 2 hydrate plume released in the presence of a current is prone to plume separations [14] , and in a typical current will result in lower dilution and sinking depths. This paper discusses the possible use of a shroud that could prevent such separations. Figure 1 shows a schematic of a fixed shroud, or inverted chimney that could be constructed around a plume release in order to reduce the two ambient effects. The shroud extends a length h below the plume release and has diameter d. As the particles are released into the shroud, they induce a down draft composed of ambient seawater entrained at the top of the shroud. Releasing particles into a stationary shroud will therefore negate the effects of an ambient current and density stratification, delivering the sinking particles to their intended depth.
Shrouded flows

Concept
Examples of Ducted flows
Shrouds, ducts and chimneys have often been suggested as ways to promote dilution and transport. Silvester [15] and Argaman et al. [16] studied a submerged axisymmetric sewage discharge in shallow water and suggested that a shroud around the discharge would set up a pressure gradient and would lengthen the plume trajectory, increasing horizontal momentum and dilution of the effluent. The situation is akin to a water jet pump and results in enhanced dilution compared with a free jet especially if the entrance loss is reduced by building a flared opening. Adams [17] and Parr and Melville [18] studied uni-directional multi-port jet diffusers used in shallow water to dilute thermal discharges from electric power plants. They found that dilution was limited by the contraction of the jets as they merged and that such contraction could be eliminated by erecting a channel around the nozzles. Buoyant chimneys and natural draft cooling towers set up a pressure gradient to induce a vertical draft, either for drawing in oxygen to sustain a fire or to remove latent heat [19] . Air lift pumps are commonly used to induce an upward flow using a highly buoyant second phase [20] . Kajishima et al. [21] and Adams et al. [22] have considered such concepts to dissolve CO 2 for ocean carbon sequestration: injected CO 2 bubbles or buoyant droplets initially rise in a submerged pipe (or tank), but the heavier CO 2 enriched seawater induces a down draft leading to sinking. 
Ideal shroud
Our hydrate release creates a buoyancy-induced, downward flow that is to be shielded from ambient effects using a shroud. We first consider an ideal case where a single phase, negatively buoyant source is distributed uniformly across the top of a frictionless shroud. As shown in the right hand panel of Fig. 1 , the shroud is a wide fixed vertical pipe with constant diameter d, cross sectional area A, and height h below the release. A Bernoulli equation for flow along a streamline entering the shroud yields
where u = Q/A is the mean induced velocity, ρ w is the ambient fluid density, g is gravity, p is the pressure difference between the inside and outside of the bottom of the shroud, Q is the flow rate induced by the shroud, and K is an entrance loss coefficient for the shroud. Mays [23] discusses entrance losses for a range of fittings and valves. For example, K = 1 for a reentrant orifice (e.g. a Borda mouthpiece) and K ∼ 0 for a flared entrance.
The pressure difference driving the flow ( p in the LHS of Eq. 1) can be taken as the excess weight per unit area of the column of denser fluid (density difference ρ) within the shroud:
Substituting Eq. 2 into 1, and using B = ( ρ/ρ w )gQ for the kinematic buoyancy flux,
which yields the expression for the induced flow rate:
For a straight shroud opening the entrance loss coefficient can be taken as K =1, yielding a relation for the theoretical shroud induced flow Q = Q theo :
Equation 6 is only valid for shroud aspect ratios h/d large enough to prevent upward intrusion of ambient water at the shroud bottom. A criterion for "full flow" exiting the shroud is that the exit densimetric Froude number be greater than about one [24] which leads to a theoretical criterion being h/d > 1, though in practice a narrower shroud would be called for. Equation 6 shows that the shroud induced draft increases with cross sectional area and shroud length, i.e. a wider and taller shroud will induce more flow.
Comparison with free plume
A free (unshrouded) plume of the same buoyancy, released from a point in a quiescent unstratified ambient will have a flow rate at the depth of the shroud exit in the following form [25] : 
Taking the ratio of the free plume flow rate and the induced flow from a theoretical chimney,
The outlet plume flow rate for both cases is given at z = h
Solving for Q f ree /Q theo =1, the idealized flow for a chimney induced draft Q theo exceeds that of a free plume where the aspect ratio h/d is less than about 3.7. We note that for 1 < h/d < 3.7, the theoretical flow induced by a ducted buoyancy source exceeds that of a free plume with the same buoyancy. The increased flow results from suction at the top of the shroud-the same mechanism underlying the ducted flows from single and multiple port outfalls as discussed above. A plot with theoretical induced flow normalized by Q theo is shown in Fig. 2 .
Effect of central buoyancy source
The flow predicted by Eq. 6 applies to a buoyancy source that is distributed evenly across the top of the chimney. In scenarios where the buoyancy source is released from a central port, as envisioned here, the suction near the top of the chimney is less than in the ideal case as the plume itself has not yet spread over the cross section.
Observations of single phase turbulent plumes show that the top hat plume width increases linearly with vertical distance, with a proportionality constant of about 0.2. Using the approach of Eq. 2, the pressure difference at the top of the shroud now becomes
Since the density difference of the water is ρ w =0, Eq. 10 becomes
From here let ρ = ρ plume . The growth of the cross sectional area of the plume within the shroud is described by
The entrance pressure difference is therefore
Substituting both cases into Eq. 1:
Normalizing the two new predicted flows (Eq. 14) by Q theo , using K = 1, results in the efficiency of the shroud with a central buoyancy source, Q c /Q theo , as a function of aspect ratio: Figure 2 plots shroud efficiency (expressed by normalized Q c ) as a function of aspect ratio, for a plume released from a central source. Since at aspect ratios lower than about 5, we do not expect the plume to fill the shroud cross section, the flow is more likely to behave like a free plume (as discussed above). Moreover, the confinement of the shroud near the top may cause Coanda effects whereby the plume interacts with the shroud forming a "wall plume". This non-ideal behavior suggests that both Q f ree and Q theo are upper bounds for the flow induced at the respective ranges of h/d.
Effect of pipe friction
In a real shrouded plume release scenario, the flow through the shroud interior is subjected to pipe friction that increases with the shroud height. A Darcy-Weisbach friction factor f is commonly used to define head loss in a pipe (shroud) as
Incorporating the effect of friction, the formulation of the pressure head balance (Eq. 1) becomes
A value for f can be determined from a Moody diagram based on the Reynolds number Re and relative roughness. The Reynolds number of the induced flow based on the shroud diameter and Q theo ranges from 5000 to 10000. Using an effective relative roughness range of 10 −6 (essentially smooth) to 0.02 (a conservatively high value: 2% of the shroud diameter) for this range of Re, f will vary from 0.03 (for smooth full flow) to 0.055 [23] .
With pipe friction the induced draft (distributed single phase buoyancy source), denoted Q f , becomes:
Taking the ratio of the prediction of the induced draft with and without friction yields
Note that the ratio given by Eq. 19 can apply to either a distributed plume source, using Q f ree from Eq. 6, or a central plume source by replacing Q theo by Q c from Eq. 15. Figure 2 illustrates the reduction in chimney (shroud) efficiency with increasing friction.
2.7 Effects of a dispersed phase source of buoyancy: plume spread and plume formation
Instead of a single (continuous) phase source of buoyancy, our release scenario involves a negatively buoyant solid phase (CO 2 hydrate particles). Thus, in addition to shroud height h, shroud diameter d, and initial kinematic buoyancy B, we expect the induced flow Q λ to also depend on the particle slip velocity u s which embodies particle characteristics (density, diameter, shape and inter-particle separation distance). From dimensional analysis we can thus expect: (20) where the theoretical induced draft is given by Q theo = (B A 2 h) 1 3 , where A = πd 2 /4 is the shroud cross sectional area and u theo is the theoretical mean shroud induced fluid velocity, equal to Q theo /A. In the limit of small u s /u theo the flow is expected to behave like that generated by a continuous phase buoyancy source.
One consequence of increased slip velocity on a plume is the effect on plume spreading. Previous discussion pertains to a single, continuous phase, source of buoyancy leading to plumes of well defined width. However, as has been observed by Milgram [26] and Asaeda and Imberger [27] , particles (or bubbles) produce a multi-phase plume that only occupies a central core which is smaller than the liquid portion of the plume. For bubble plumes, Socolofsky and Adams [14] obtained a relation between the plume spreading ratio (width of bubbles versus total plume width, λ) as a function of the bubble characteristics, by measuring the edge of the inner particle core with a dyed edge of the plume fluid. They found (21) where U N = u s /(B N ) 1/4 is the slip velocity, normalized by a characteristic plume speed in stratification. We can use a similar non-dimensional slip velocity, this time in the following form:
The plume spreading ratio is taken into account in the predictions by replacing 0.2 with 0.2λ in Eq. 15 to give
where we adapt Eq. 21 for the plume spreading ratio
u s /u theo values for our experiments ranged from 0 to ∼3.8, resulting in λ values of about 0.57 to 1 using Eq. 24. Figure 2 shows the reduction of the shroud efficiency as a result of both friction and a reduced plume spreading rate corresponding to λ = 0.5.
Onset of plume behavior
The term u s /u theo in Eq. 20 also relates to how groups of particles interact with each other to form a plume. The numerical plume descent depth predictions from Chow [8] and the theoretical analysis presented herein assume that the resulting release will behave as a turbulent plume, regardless of particle number frequency and size.
Interactions between different particles have been studied for the purpose of understanding the dynamics of bubble coalescence and breakup due to collisions. Among the studies, observations have been made for pairs of bubbles [17] , chains of bubbles [28] , groups of bubbles [29] and bubble swarms [30, 31] . Tsuchiya et al. [29] , in experiments performed in a 2D cell simulating a fluidized bed, investigated air bubbles (Re = 2000-13000) to determine behavior between bubbles and wakes. They found that if a trailing bubble is within about 5-7 bubble diameters of the leading bubble, it will catch up (due to low pressure in the leading bubble's wake) and cause bubble pairing side by side, or coalescence. Lazarek Refer to Tsouris et al. [6] and Littman [32] measured the pressure field around a single spherical capped air bubble in water (Re = 26700) and showed that there is a pressure minimum directly behind the bubble at about 2 bubble diameters downstream. Table 1 shows that a design release of 100 kg/s of CO 2 , using the particles observed during the most recent field survey [6] , requires a particle release rate of ∼5300 particles per second. Larger particles, and or particles with higher hydrate conversion efficiency, require smaller particle release rates (as low as 250 particles per second as indicated in Table 1 ). The number release rate can be translated to an estimated particle spacing (assuming that particles remain in single file after release) by dividing the particle number rate by the slip velocity. The particle spacing varies from 0.0003 to 0.01 particle diameters, all significantly less than 1, meaning that the particles interact with each other, and must spread laterally prior to descending, and supports the assumption of plume formation. However, it is possible that particles would no longer form a plume in hydrate particle release scenarios using particles with greater density and size from a reactor that is further scaled up. In addition, experimental simulations (described below) designed to simulate the plumes may use particle releases with higher particle spacings (greater than one particle diameter) such that a plume would not be formed. For these reasons a study of the effect of particle spacing on plume behavior is included in our analysis.
Experiments
Experiments were performed to determine whether a shrouded plume indeed induces a draft, and whether aspect ratio and particle size affect shroud efficiency as discussed in the previous sections.
Experimental set-up
Experiments were conducted in a 1.22 m by 1.22 m by 2.44 m tall tank in the R. M. Parsons Hydrodynamics Laboratory at the Department of Civil and Environmental Engineering at MIT. Shrouds were constructed of PVC pipes or rigid sheets of plastic rolled into a cylindrical shape. The shrouds ranged in diameter from 7.5 to 30 cm and ranged from 30 to 157 cm in length (h/d = 1 − 21). The shrouds were suspended in the tank by four strings from the four top corners of the tank. In order to reduce spurious effects from either the water surface or the bottom of the tank, the top of the shroud was always at least 3 diameters from the surface and the bottom of the shroud was at least 3 diameters from the tank bottom.
Buoyancy sources
Six buoyancy sources were used: brine, small glass beads and plastic balls of four different densities (made by filling hollow polystyrene spheres with brine or molasses). The glass beads used were Ballotini impact glass beads, available in various sizes, used industrially for finishing smooth metal surfaces. Table 2 shows the characteristics of the six buoyancy sources. The size distribution of the small glass beads and polystyrene seeding particles were obtained by sieve analysis and their slip velocities calculated by an empirical relation based on a spherical particle by Dietrich [33] . The slip velocity of the balls were obtained by releasing the particles into the tank and measuring the time taken to cross a start and finish line, as described in Chow [8] . Their densities were either calculated by dividing their mass by their volume, or deduced from their observed velocities and applying a spherical drag coefficient. Table 2 also summarizes the polystyrene particles used for PIV measurements.
The release mechanisms for each buoyant discharge type are illustrated in Fig. 3 and described in more detail in Chow [8] . For consistency we sought a constant initial buoyancy flux B among the experiments. Actual initial buoyancy fluxes for the experiments had a mean of B = 1470 cm 4 /s 3 , with standard deviation 550 cm 4 /s 3 (37%). Since the measured flow rates are normalized by Q theo which includes B, the variation in B between experiments is not of importance. Figure 4 shows images of the steady buoyant releases in shrouds of different aspect ratios (h/d = 2, 4 and 10). Due to the thickness of the transparent PVC of the shroud, the actual plume widths within the shroud cannot be measured quantitatively, but inspection shows that the plume does spread to fill the shroud cross section by about 4 or 5 shroud diameters. The bottom panel of Fig. 4 shows that by 10 shroud diameters, brine and bead plumes are fully spread over the shroud cross section.
Qualitative behavior
Conversely, the top panel of Fig. 4 for h/d = 2 shows a plume that has clearly not completely spread over the cross section. Although not discerned in the figure, some releases showed evidence of the Coanda effect, with the plume attaching to one side of the shroud walls at random. The right hand panels of each figure show the release of the heaviest particles. Although a plume effect is not immediately apparent in these figures, typical particle spacings for the balls shown were about 8.4 diameters, close enough for particles to interact with each other for group behavior, as described previously. As a result, the ball releases do show a significant induced flow.
Particle image velocimetry
Particle Image Velocimetry (PIV) was used to measure the induced flows into the shroud for all particle and brine releases, and is described in more detail in Chow [8] . In order to illuminate a slice of the flow into the shroud, a vertical laser light sheet with thickness of about 0.5 cm was directed radially into the center of the shroud. The laser used was a Coherent Innova 70 Argon-ion laser at 4 W continuous output power, attached to an optical fiber with a cylindrical lens affixed at its end that created the light sheet. Polystyrene seeding particles of average diameter 315 microns obtained by sieve analysis (corresponding to slip velocity of 0.17 cm/s using the equation of Dietrich [33] ) were used to seed the flow for illumination by the laser (refer to Table 2 ). A Prosilica EC640 1/2 inch CMOS Firewire camera with 659 × 493 pixel resolution was used for image acquisition. Timestamps of each image were made with each image acquired, and were used to determine the time elapsed between frames. Typically 900-2400 images were taken in succession with a frame rate of about 50 frames per second resulting in a velocity record of 18-48 s of the duration for each shroud experiment. MATPIV was used in conjunction with MATLAB to analyze velocities from the images. Gui and Merzkirch [34] discuss different correlation methods used for PIV, and concluded that the minimum quadratic difference (MQD) method is suited for images with non-uniform lighting. Regions of Interest (ROIs) of 64 by 64 pixels were used for the shroud images. For each ROI, the calculated displacements, expressed in pixels, can be converted to an instantaneous velocity using the scale of the image (cm per pixel) and the time elapsed between the two images (s). The total image size of 648 x 485 pixels results in sufficient ROIs available per image to generate a velocity field as shown in Fig. 5 . 
Induced flow determination
The laser illuminated a radial slice of the shroud through its center as shown in Fig. 5 . Flow rates were determined by analyzing velocities collected at the shroud entrance. (The shroud entrance was used, rather than the exit, due to the lower effect of the high reflectivity particles on the image contrast in the former.) Figure 5 shows the rectangular 2D control volume used to determine the flow entering the shroud. The control volume is bounded by the injection pipe with radius R 0 , and has the same radius as the shroud R = d/2, and a height H extending immediately above the shroud. Assuming axisymmetry, the value of Q is determined by integrating the velocities crossing into control volume and around the shroud, i.e. 
Steady state velocities
Velocity measurements taken over time at a discrete point indicate that the shroud takes some time to set up a steady siphon effect following the initiation of continuous particle release. In addition, there are velocity fluctuations which indicate that the siphon effect is not constant with time, especially when balls were used as the source of buoyancy (Fig. 6) . The steady state velocities were determined by averaging over periods of time after the initial velocity ramping. For the example in Fig. 6 , the steady state was attained after ∼31 s. In order to verify the accuracy of the PIV velocities, individual particle displacements from selected images were tracked by eye. Additionally, for several experiments, fluorescent dye was introduced at the top of the shroud, and its concentration measured with a fluorometer at the exit. Flows measured by dye dilution compared favorably with those computed by integrating PIV-measured velocities [8] .
Results
Shroud efficiency
The experimental results for the induced shroud flow rates Q as a function of shroud aspect ratio are presented in Fig. 7 . The plots show that brine (a single phase flow) and beads that resemble a single phase buoyancy source, as indicated by their low normalized slip velocity, behave similarly to the theoretical predictions. However, flows induced by the larger particles are more intermittent in creating an entrainment flow into the shroud, resulting in lower performance compared to the theoretical predictions. As expected from the discussion on plume onset, the larger the slip velocity in relation to the theoretical induced flow velocity, expressed as u s /u theo , the smaller the induced flow rate efficiency (Fig. 8) . Furthermore, the large balls in the shroud underperform even compared to the relation described by a two phase plume, as plotted in the line labeled 'λ = 0.5' in Fig. 7 . This suggests that the particle-driven flows are not fully plume-like. 
Implications for shrouded hydrate release in the ocean
While results presented above show that the flow induced by shrouds of small aspect ratio are somewhat smaller than the theoretical (idealized) values, the flows can still be quite large in absolute terms, as they depend on the shroud cross sectional area A. Figure 9 plots the estimated actual flowrates for a 100 kg/s release of hydrates of density 1.04 g/cm 3 from a centralized source. Table 3 shows values of u s /u theo for experimental particle releases and for potential field scale hydrate releases, which lie in a comparable range. We envision that the particle releases are made into ballasted, articulated, flexible shrouds that could be suspended from a ship. Such devices have never been built on such a scale and would require extensive design and testing to overcome challenges in their deployment and Expected hydrate plume characteristics: 100 kg/s CO 2 mass loading, shroud diameter d = 100 m, height h = 1000 m. Hydrate particle characteristics are found in Table 1 operation. From the previous section, only the high density balls showed reduced plumelike behavior. In order for the shrouded plume to show reduced plume behavior at the scale of the '2006+++' hydrate release, the slip velocity of the particles would need to be about 40-50 cm/s as compared with a calculated value of 26 cm/s. We concluded that scaled up hydrate particle releases are most likely to behave like a plume. Despite the reduced plume-like behavior, the induced flow is still predicted to be about 55-60% of the value of Q theo . The CO 2 of the particles will ultimately dissolve into the dispersed phase. At the bottom of the shroud, assuming that the particles are dissolved, the added dissolved inorganic carbon (DIC) concentration DIC emerging from the bottom of the shroud is determined by
u s u theo (26) Expected hydrate plume characteristics: 100 kg/s CO 2 mass loading, shroud diameter d = 100 m, height h = 1000 m. Hydrate particle characteristics are found in Table 1 . Estimated shroud efficiencies obtained by inspection of the plot in Fig. 9 whereṁ is the CO 2 mass loading. In addition to DIC, another measure of plume impact is pH which can be determined by the method outlined in Israelsson et al. [9] . DIC was converted to pCO 2 by solving the carbonate system using dissociation constants from Dickson and Goyet [35] and solubility from Weiss [36] . The following average deep-ocean chemistry was assumed, based on Volk and Hoffert [37] : salinity = 35 ppt, ambient DIC = 2,306 µmol/kg, and C-Alk = 2,367 µmol/kg. Temperature was set to 3 • C, resulting in an ambient pH of about 7.9. For a 100 kg/s CO 2 release into a shroud with diameter of 100 m and height of 1000 m, the predicted added DIC and pH drops are shown in Table 4 . It is important to note that the predicted added CO 2 concentrations and resultant pH drops listed in Table 4 are the average values of pH leaving the shroud and that further dilution will occur beyond the exit.
Conclusions
We investigated a strategy of sequestration of CO 2 hydrates by injecting them into a shroud (a tall inverted chimney). The goal of the shroud is to protect the hydrate release from ambient stratification and crossflow currents, and to promote better control of CO 2 plume placement. Predictions based on physical arguments and experimental observations show that a long shroud will induce a draft that increases with shroud cross sectional area and shroud length. Very large particles that show reduced plume-like behavior may not be as efficient in inducing draft, but they will still induce at least half of the theoretical flow.
